The transient process of pumped storage system (PSS) experienced pump mode, turbine mode and switching mode in pumped outage condition, spanning hump zone and S-shaped region. The conflicting dynamic indicators make it difficult to meet the requirements of the transient process. How to specify optimal operating strategies and improve the reliability of PSS in the pumped outage condition has become a key issue. This problem is addressed in this work based on coordinated multi-objective optimization, and three stages are included: nonlinear modeling, strategy optimization and decision making. A tradeoff is embodied in each stage. Firstly, the real-time accurate equivalent circuit model is applied for PSS. The spatiotemporal discrete analysis is presented to enable the trade-off between computing efficiency and model accuracy in stage 1. Then, the neighborhood-search chaotic mutation multi-objective gravitational search algorithm, integrating multiple constraints, is performed to solve the Pareto front. It achieves the trade-off between algorithm convergence and searching diversity in stage 2. Further, fuzzy analytic hierarchy process is innovatively introduced to select the most compatible solution, which comprehensively considers the quantitative and qualitative factors. It accomplishes the trade-off in conflicting objectives and indicators in stage 3. Compared with the on-site operation in pumped outage condition, the maximum reversing speed decreased from 545 rpm to 161.45 rpm, the maximum water pressure of volute can be reduced by 4.55%, and the minimum draft tube pressure can be improved by 6.94%. The coordinated multi-objective optimization provides a novel technical guidance for the safe and stable operation of PSS.
I. INTRODUCTION
The 2050 Energy strategy in Europe and the 13th five-year plan of energy in China [1] , [2] are based on a massive development of renewable energy sources. Pumped storage systems (PSS) are key components of those strategies considering in particular their prominent advantages of ensuring the safe and steady operation of power grid [3] - [5] . Moreover, along with the large-scale development of pumped storage plants (PSPs) all over the world, the importance of operation The associate editor coordinating the review of this manuscript and approving it for publication was Kan Liu . strategy is rapidly increasing with the fast-growing demand of flexibility [6] , [7] . Especially for the PSPs with high heads, large capacity and long water pipeline, it is crucial to study how to specify optimal operating strategies and ensure safe transient processes of extreme conditions under the strong nonlinear, hydraulic-mechanical-electrical coupling characteristics [8] and miscellaneous boundary conditions. When the PSP operated in the extreme conditions, the dynamic responses of PSS such as the rotational speed, volute inlet pressure, draft tube pressure and the water level of surge tanks affect the safe and stable operation of the power station. The optimal operating strategy of guide vane (GV) is the most economical and effective method to solve above difficulties [9] , [10] . The load rejection condition has been studied with the coordinated optimization framework [11] . However the pumped outage condition, as the typical extreme condition in PSS, should also be concerned. When the PSS is in pump mode, the pump outage condition will occur due to the sudden power failure of the power system or the jump of the electrical protection. As show in Fig.1 , three states are experienced in pumped outage condition, i.e. forward rotation-forward flow, forward rotation-reverse flow, and reverse rotation-reverse flow; three modes are existed, namely pump mode, turbine mode and switching mode; two characteristic regions are crossed, hump zone and S-shaped region. The water hammer pressures in those characteristic regions can worsen unit operation. The reversing rotational speed may lead to spin stall problem which entering the turbine brake zone and reverse pump region. It may cause unit vibration and be detrimental to bearing safety. Therefore, it is urgent to study the optimal operation strategy of pumped outage condition, improve the dynamic performance of the transient process, and ensure the safety of PSS.
Many works have focused on the safe operation and control optimization of PSS, it can be divided into three categories.
(1) For modeling and simulation of PSS, the rigid [12] or elastic water hammer model [13] of pipeline system and the internal characteristics model for pump turbine [14] , [15] are the classical linear model, they have a high real-time performance, but the simulation accuracy is poor in pumped outage condition. The model of characteristic (MOC) [16] - [18] has been widely used in the simulation of transient process, which has excellent computational accuracy and huge simulation time. Nicolet et.al proposed a circuit equivalent model, which has been applied in software named SIMSEN, and achieved satisfactory results [19] . Zhao et.al further improved above model, and coordinated the conflict between computational accuracy and efficiency [20] . (2) For operation optimization, many novel and improved optimization algorithms are introduced into PSS. Lai et.al proposed multiobjective artificial sheep algorithm, it was effectively applied in optimization of guide vane closing scheme [21] . Fu et.al conducted the improved hybrid grey wolf optimizer -sine cosine algorithm, which possessed good capability for optimal parameters searching and fast convergence [22] , [23] . Various conditions such as turbine start up [24] , [25] , load rejection [26] , load frequency control [27] have been studied using multi-objective algorithms. However, the multiple trade-offs are not adequately coordinated in these studies.
(3) For decision making, the Pareto optimal solutions set was only obtained by multi-objective optimization, while the best compatibility solution was not given in most existing researches [28] . The PSS is complex time-varying system integrated with pipeline system, pumped turbine and governor. It is obviously one-sided to select scheme by relying only on the objective functions [29] . Hence, how to choose the best compatibility solution becomes a comprehensive multi-criteria decision-making problem.
Further studies can be promoted in following aspects, which are also the features of this paper: (1) The simplified or partially nonlinear PSS model [30] is often adopted as the optimization model, the difference between the model simulation and the real transient process may lead to the difficulty of applying the optimal operating rules to engineering. The pumped outage condition has three working modes, spanning hump zone and S-shaped region. It requires higher precision and reliability of the model. The trade-off between simulation efficiency and accuracy should be reconciled in PSS models. (2) The linearity weighted aggregation method is often applied to combine the objective functions, which is unable to coordinate the contradictory relationship between conflicting objectives. Although multi-objective optimization algorithms have been applied in PSS operation, however the trade-off between convergence and search diversity via multiple constraints and improved iterative mechanism is not carefully considered. (3) The decision-making methods should be introduced in choosing the best compatibility scheme for PSS operation. Various qualitative and quantitative factors derived from different components of PSS should be involved in evaluation. (4) Most previous researches focused on the load rejection and start-up condition; however the pumped outage condition is more complex than those conditions. The speed reversal problem and pressure oscillation have occurred in recent years, those dynamic response indexes should be highlighted in optimization.
The scope of this paper should be clarified. The coordinated optimization framework has been preliminarily studied in [11] , and its availability was verified in load rejection. It is helpful to guide the flexible operation of PSS, benefiting its favorable scalability. However, as stated above, the pumped outage condition is a special and key operation condition of PSS. The transient process is more complicated than that of load rejection. The strategy optimization and decision making of the existing framework is not suitable for pumped outage condition. Therefore, the multiple trade-offs should be reconsidered and improved. Hence the motivation of this paper is to extend the proposed optimization framework, to add the pumped outage condition into this framework, and to develop the optimal operation strategy for operators. This paper is organized in Fig.2 . Section 2 shows the nonlinear modeling, the trade-off between accuracy and efficiency of PSS model is conducted. Section 3 presents the strategy optimization, the trade-off between convergence and diversity is constructed. Section 4 proposes the decision making, and the trade-off in conflicting non-dominated solutions is considered. The case study of Hongping PSP in China is presented to verify the effectiveness of the method. The discussion and conclusion are shown in Section 6 and 7.
II. STAGE ONE: NONLINEAR MODELING
The PSS model is the foundation of optimization. The accuracy of PSS model can ensure that the optimization results can be directly applied in engineering, while the efficiency can save optimization time in the next stage. The real-time accurate equivalent circuit model (RAECM) [11] is established for PSS, and then the spatiotemporal discrete analysis is demonstrated to coordinate the trade-off between accuracy and efficiency. The reliability is verified by the comparisons between simulation and on-site measurement in pumped outage condition.
A. THE REAL-TIME ACCURATE EQUIVALENT MODEL
The RAECM is a lumped parameter model, which is based on the circuit equivalence theory [19] , [31] . According to the pipe layout, the corresponding circuit equivalent model considering the inertia (hydraulic inductance L i ), elasticity (hydraulic capacitance C i ), and friction loss (hydraulic resistance R i ) can be presented in Fig.3 . The boundary conditions such as the surge tanks, the ball valve, and the reservoirs can be detailed in [19] .
In the Fig.3 , the pump turbine is equivalent to a variable voltage source H (y, q, a), and y, q, a respectively indicate the relative values of GV opening, discharge, and rotational speed. The improved Suter transformation-BP neural network interpolation model (IST-BPNN) is applied to describe the H (y, q, a), which is mainly divided into three parts: characteristics curves processing, data prediction and interpolation. The improved Suter transformation is introduced in characteristics curves processing, which can be defined in [20] .
The BP neural network is applied in the data prediction [11] , which can overcome those weaknesses: (1) the abscissa of the curves is not aligned and the distribution of the data points in each curve is uneven; (2) unqualified data points exist in hump zone and S-shaped region because of measurement errors; (3) incomplete measured curves from the manufacturer have adverse effect on interpolation accuracy. The Lagrange interpolation algorithm of double variables-three points form is adopted to solve the treated curves [11] .
B. THE SPATIOTEMPORAL DISCRETE ANALYSIS
The characteristic method (MOC), as the distributed parameters model, is the conventional method to simulate the transient process. It is governed by Courant's stability criterions [17] . Therefore small scale space step is usually adopted in MOC, which has high precision but large time consumption. The large-scale space step cannot be used in pipeline segmentation, because of the truncation error increasing. Different from MOC, the time step of space discretization dT is not restricted by the simulation time step dt in the RAECM. The dimensions of the discrete system and time consumption decrease significantly with the increase of dT . Consequently, RAECM can guarantee realtime simulation of PSS by reasonably increasing dT under the premise of ensuring accuracy.
The truncation error introduced by space discretization is analyzed theoretically as shown in Fig.4 . As the dT increases, the friction loss and water inertia of pipe from the center to the end need to be considered. Otherwise, truncation errors caused by the dT will gradually increase, and affect the calculation accuracy. The Taylor expansion of water heads at both ends of basic pipe can be expressed as follows [19] : here H i and H i+1 are the water heads of the monitoring node at i-th basic pipe, x is the length of the basic pipe. The partial derivative of H i can be rewritten as:
when using the T-type equivalent circuit [32] , [33] as shown in Fig.4 , O( x) is mainly concentrated on the second order differential term ∂ 2 H ∂x 2 . The spatial partial derivative of the water head combined with the continuity equation gives:
here, the wave velocity c in the pressure pipe is much higher than the water velocity, and the hydraulic capacitance C is inversely proportional to the square of c in the pipe. Hence, the ∂ 2 H ∂x 2 , corresponding to O( x), can be omitted with increase of dT appropriately. Therefore the formula (2) can be further extended as:
The momentum equation and the continuity equation are derived in the modified pipe as follows:
Accordingly, if the correction node is on the right side of the pipe, the modified formula is given by (6) ; otherwise, it is as given by (7) .
here H R and H L are the corrected water heads of the monitoring node in j-th basic pipe, H j,M is the water head in the middle of j-th pipe, Q t j,L and Q t−1 j,L are discharges in the left of j-th node basic pipe at t and t -1 moment, Q t j,R and Q t−1 j,R are discharges in the right of j-th node basic pipe at t and t -1 moment, t is the simulation time step. The implicit RadauIIA algorithm is introduced in time discretization to improve the solving stability, which is depicted as:
here, Y n and Y n+1 are outputs of system at n and n + 1 moment, c i , b i , a ij are got from Butcher matrix that c 1 = 1/3, c 2 = 1, a 11 = 5/12, a 12 = −1/12, a 21 = 3/4, a 22 = 1/4, b 1 = 3/4, b 2 = 1/4. Following variable time step dt = 0.02 s, 0.05 s, 0.1 s, 0.2 s, the stability analysis [20] of RAECM with dT = 0.1 s is presented in Fig.5 . The characteristic points of the system matrix at pumped outage condition are in the unit circle, which means that the system is stable. It can be seen that the PSS is always stable at dt ≤ dT , no matter VOLUME 7, 2019 which method is adopted in Fig.5 The GV opening are sampled on-site with data acquisition system, and inputted to the RAECM. The comparison of dynamic responses between filed test and simulation can validate the accuracy of the RAECM as shown in Fig.6 . It can be seen that the key indicators obtained by simulation, such as the maximum pressure value at draft tube, the minimum pressure value at volute and the maximum rotational speed, are basically consistent with the measurement. The simulation errors of key dynamic indicators at draft tube, volute and pump turbine are within 0.45%, 0.36% and 0.19% respectively.
The real-time simulation test device based on RAECM has been applied to the Hongping pumped storage power station, located in Jiangxi province, China [33] . It is composed of digital signal processor (DSP) and fully isolated hardware array, with on-line simulation and performance test functions. Therefore the real-time performance of this model has been verified in engineering. The computational complexity of RAECM can be analyzed in detail in [11] .
III. STAGE TWO: STRATEGY OPTIMIZATION
The pumped outage condition is a special condition of PSS, which is more complicated than other working conditions. Although the coordinated optimization framework is proposed [11] , the objective functions and constraints in the original framework are no longer applicable and need to be improved. Fortunately, this framework has outstanding extensibility and compatibility. It means that various optimization algorithms can be introduced for different optimization objects. Therefore, the trade-off between algorithm convergence and searching diversity should be carefully considered. The strategy optimization in this paper can be divided into three parts: multi-objective functions, multiple constraints, and the neighborhood-search chaotic mutation multi-objective gravitational search algorithm (NCMOGSA). The trade-off in this stage is embodied as follows: (1) The multiple constraints and constraint processing techniques can remove infeasible solutions and improve the convergence rate of the algorithm; (2) The chaotic mutation and neighborhood searching can improve the diversity of population and avoid premature convergence.
A. MULTI-OBJECTIVE FUNCTIONS
The two-stage GV closure and one-stage GV closure are the main operation schemes in the pumped outage condition. The decision vector X = t 1 t 2 y 1 , t 1 is the abscissa of inflection point of GV, y 1 is the ordinate of inflection point of GV, t 2 is closing time of second stage.
The rotational speed reversal and water hammer pressures are the most important problems under pumped outage condition. According to the requirements of the regulation guarantee calculation of PSS in the pumped outage condition, the rotational speed, the pressures at the volute and draft tube, the water level of surge tanks are the key indicators in the transient process. In the design stage of the PSP, the optimized operation strategy can effectively improve the safety margin and reduce the construction cost. However, the objectives between the rotational speed and the water hammer pressures are contradictory. Therefore it is necessary to construct the multi-objective functions as follows:
where x max is the maximum of the rotational speed, x r is the rated rotational speed (turbine condition); P vol is the maximum pressure of the volute outlet, P dra is the maximum pressure of the draft tube inlet; L sur_up and L sur_down are the highest water level of the upstream and downstream surge tanks; w P , w d , and w L are corresponding weight coefficients, which may be varied in different PSPs. The 1-9 scale method is applied in weight selection. This method, which is introduced in the next section, can describe the intensity of preference of P vol over P dra or L sur . In this paper, w P = 1, w d = 1, and w L = 0.5. The Obj x should add one to the index to avoid negative value of reversing rotational speed.
B. MULTIPLE CONSTRAINTS AND CORRESPONDING HANDLING METHOD
Multiple constraints derived from different components i.e. pipeline system, pump-turbine and governor. In addition, the design criterion also should be considered. These constraints constitute the search corridor to improve the efficiency of searching.
Different from the load rejection, the maximum and minimum of water pressures are the key dynamic indexes concerned by operators in the pumped outage condition. In addition, the pressure oscillations of volute and draft tube after the GV is completely closed also need to meet the requirements of the design criteria. Therefore, the water pressure constraints of volute can be described as (10):
here p vol_ max and p vol_ min are the maximum and minimum of water pressures at volute in transient process; p vol_constant and p vol_constant are the limiting constants considering pressure fluctuation and turbulence flow exist in the real system; p vol_os is the pressure oscillation amplitude when the GV is completely closed; p vol_os is the allowable value for transient process.
In the same way, the constraints of draft tube are presented as follows:
here p dra_ max and p dra_ min are the maximum and minimum of water pressures at draft tube in transient process; p dra_constant and p dra_constant are the limiting constants considering pressure fluctuation and turbulence flow exist in the real system; p dra_os is the pressure oscillation amplitude when the GV is completely closed; p dra_os is the allowable value for transient process.
The water level constraints of surge tanks are defined as (12): (12) here h upsur_ max , h upsur_ min , h downsur_ max , h downsur_ min are respectively the maximum and minimum water levels of upstream surge tank and downstream surge tank, and the other terms are corresponding constraint coefficient.
The problem of rotational speed reversal under pumped outage condition can affect the safe and stable operation in the PSS. The running track should avoid entering the S-shaped region. Therefore the rising rotational speed constraint from pump-turbine can be given by:
The oil velocity constraints of the governor can be described as:
where, Y is change of GV in time interval t gv . Y max is maximum opening value, t gv_constant is the shortest closing time of total excursion for GV. The constraints of decision variables are depicted as:
where T GV is restrictive maximum closing time in the governor.
According to the operational accuracy of the actual PSP, the order magnitude constraints can be expressed as: where, M [] is the magnitude of the variable. It needs to be converted to relative value during optimization. The constraint handling strategy can be divided into two parts: pre-processing and post-processing. Search corridor and corresponding constraint handling techniques, which can remove infeasible solutions and improve the convergence rate of the algorithm, are depicted in Fig.7 . The pre-processing strategy is mainly aimed at tackling the constraints from the governor. The individuals who can not meet the constraints (14)-(16) should be reinitialized until those constraints are met. The post-processing strategy with elimination and local search based on violation ranking [26] is applied in handling constraints (10)-(13) from pipeline system and pump-turbine. As shown in Fig.7 , the specific steps of post-processing method are as follows:
Step 1: Decision variables are extracted from each individual's location and entered into the RAECM, then the dynamic indicators of transient process can be obtained.
Step 2: Judge whether each index satisfies the corresponding constraint (10)-(13), the constraint violation degree vio is calculated for individual who do not satisfy the constraints, as shown in (17):
here vio s i is the constraint violation degree of s-th constraint at i-th individual. If the constraint has lower boundary, perform formula (a); otherwise, perform formula (b). C s is the dynamic index value for s-th constraint, C min (18) here m is the total number of post-processing constraints.
Step 3: Sort the individuals by vio i , if vio i ≥ C v , eliminate this individual; otherwise, randomly generate y i in [0, 0.05], change the inflection point of GV opening to y 1 + y i , and recalculate dynamic indicators with RAECM, until vio i = 0 or the number of iteration steps of local search is reached.
Step 4: Repeat Step 2 for the individuals of vio i < C v , and eliminate the individuals of vio i = 0.
C. OPTIMIZATION ALGORITHM
Because of the flexibility and scalability of the proposed framework, various optimization algorithms, such as, non-dominated sorting genetic algorithm (NSGA) [34] , multi-objective particle swarm optimization (MOPSO) [35] , and other novel algorithms [36] , [37] can be applied in the Stage two. The velocity and position updating strategy of PSO algorithm was introduced into gravity search algorithm (GSA), which improved the memory of particle historical location and the group information sharing [38] , [39] . Based on this algorithm, the NCMOGSA is proposed to solve the coordinated multi-objective optimization problem. The algorithm architecture and search strategy are improved to increase the diversity of the population, owing to crowding distance computing, chaotic mutation, and neighborhood searching.
1) CROWDING DISTANCE COMPUTING
Crowding distance is defined in each individual based on non-dominated sorting, which is used to evaluate the spatial distribution density of multi-objective non-dominated solutions. The denser the individual distribution in the solution space, the smaller the crowding distance. In practical application, the crowding distance can be obtained by the difference values of fitness between the individual and its neighbors on each objective, which is depicted as:
where L[p] distance is the crowding distance corresponding to the p-th individual in each non-dominated hierarchy. f p,m is the fitness of the p-th individual at the m-th objective. M is the total number of objectives. f min m and f max m are the maximum and minimum fitness values at the m-th objective in each non-dominated hierarchy. Nr is the number of population.
The priority of individuals can be calculated by the crowding distance and the rank number of non-dominant sorting. Individual i is better than individual j, when the (20) is satisfied.
Here rank is the serial number of non-dominant sorting.
2) CHAOTIC MUTATION
Many intelligent optimization algorithms are prone to fall into local optimization in the late stage of iteration. Chaotic mapping can avoid the premature phenomenon. A new individual is generated in the feasible domain by chaotic mutation. If the new individual dominates the current solution, which will be replaced with the new individual; otherwise, the individual weight is calculated and the relatively heavier individual is selected as the better solution. The chaotic mutation is given in (21) .
Here ψ d i is the normalized position of the i-th individual at d-th objective, x d i is the current position of the i-th individual at d-th objective, x d min and x d max are the minimum and maximum positions of the current iteration at d-th objective. η d i is the transformation value of chaotic mutation, λ is transformation coefficient. xn d i is the new position via chaotic mutation, t is the current iteration.
3) NEIGHBORHOOD SEARCHING
Due to the nonlinearity and complexity of PSS model, the individuals in their neighborhood space may correspond to significantly different fitness values, it can affect the searching depth of algorithm. Therefore a neighborhood search mechanism is proposed to improve the local search capability. This method randomly searches the neighborhood space around the current individual, generates new individuals, calculates the weight of individuals, and compares each other, then the individual will be updated with the one with the largest weight. The corresponding formula can be expressed as (22) .
Here D d (t) is the step size of searching at d-th objective and t-th iteration, D 0 is the initial step size. The neighborhood search step size can change adaptively with the self-adjusting coefficient δ. The self-adjusting curve of step size can be shown in Fig.8 , in the early iteration of the algorithm, the step size is large to expand the search scope, and the step size is small to improve the search depth in the late iteration. xn d i (t) denotes the new position of the i-th individual. rand is a random number between 0 and 1.
D. PERFORMANCE VERIFICATION OF NCMOGSA ON TEST INSTANCES
To verify the performance of the NCMOGSA, six test problems are chosen from a number of significant past studies in this area: SCH, FON, ZDT1, ZDT2, ZDT3 and ZDT6 [40] , which are commonly used in the multi-objective evolutionary algorithm test. All problems have two objective functions. The simulation result of NCMOGSA is compared with three typical multi-objective optimization algorithms. NSGA-II, SPEA2, and MOPSDE are based on the genetic algorithm. MOPSO is based on PSO. In order to be fair, the basic parameters settings of five algorithms are consistent. The mean (in the top row) and the variance (in the parentheses) of the generational distance-metric (GD), which are the key indexes for evaluating algorithm performance as shown in (23) , are summarized in Table 1 .
Here l is the number of vectors in the non-dominated solution set found so far. d i is the minimum Euclidean distance (measured in the objective space) between each of those non-dominated solutions and the nearest member of the theoretical Pareto front. The smaller the value of GD is, the better the convergence toward the Pareto front is [40] . It can be seen in Table 1 that for SCH, FON, ZDT1, the performance of NCMOGSA is better than NSGA-II, MOPSDE, MOPSO and SPEA2. For the ZDT2, ZDT3 and ZDT6, the NCMOGSA is the second-best in those algorithms. In general, the trade-offs in the stage two give the algorithm the best overall performance compared with other algorithms. 
E. PROCEDURES OF NCMOGSA
The procedures diagram of NCMOGSA can be depicted in Fig.11 , and the optimization process has been described below:
Step 1: Algorithm initialization. Set the parameters of algorithm including the number of individuals N r = 100, the size of elite archive N rep = 30, the maximum iterations T max = 200, initial gravitational constant G 0 = 6.5, the initial step size of neighborhood search D 0 = 0.2, the selfadjusting coefficient δ = 8.5. The upper bound of decision vector X max = [20, 30, 0.92] and the lower bound of decision vector X min = [4, 4, 0.08]. Generate initial population X i (t), i = 1, . . . , N r randomly in the feasible space; set the current iteration t = 0.
Step 2: The pre-processing method is performed for individuals that do not satisfy constraints (14)- (16) .
Step 3: The control parameters of GV closing rule are taken out from X i (t), i = 1, . . . , N r and input into the RAECM. Then dynamic indicators of transient process in pumped outage condition, such as maximum reversal speed v max , the water pressures of volute and draft tube, the water levels of surge tanks at t-th iteration, can be calculated. The objective functions of all individuals are obtained according to (9) .
Step 4: Execute the post-processing method for constraints (10)- (13) .
Step 5: The non-dominant sorting is carried out based on the objective function values F i (t) = [Obj x , Obj pre ], i = 1, . . . , N r , and the fitness can also be calculated by referring to [26] . The non-dominant individuals join the initial elite archive set.
Step 6: If the number of elite archive n exceeds N rep , calculate the crowding distance of individuals in the elite archive, and delete individuals with the smallest crowding distance. Repeat this step until n < N rep .
Step 7: Calculate acceleration and velocity of individuals, and update the position of each individual [38] .
Step 8: Perform chaotic mutation operation on individuals by (21) , then execute neighborhood searching around individuals by (22) . The control parameters are updated from the new position, and are input into the RAECM. The dynamic indicators of transient process and the objective function values can be updated. Then execute the post-processing method for constraints (10)- (13) .
Step 9: Sort the individuals in population space based on the objective function values, choose Pareto optimal solutions into elite archive set, and then perform Step 6 to ensure the size of the archive set.
Step 10: t = t + 1. If t ≥ T max , the algorithm ends and outputs the archive set; otherwise, go to Step 2.
IV. STAGE THREE: DECISION MAKING
Despite a set of Pareto-optimal solutions can be achieved, how to choose the best compatibility solution becomes a comprehensive multi-criteria decision-making problem. The trade-off in the conflicting objectives and the conflicting dynamic indexes cannot be efficaciously coordinated only by multi-objective optimization in Stage two. Therefore the fuzzy analytic hierarchy process (FAHP) method [41] is introduced in the coordinated multi-objective optimization to select the optimal compatible solution. The flowchart of decision making with FAHP can be depicted in Fig.9 , which involves three phases: analytic hierarchy process in region one, fuzzy comprehensive evaluation in region two, and synthesis of priorities in region three.
The core of decision-making problem is how to construct hierarchy index system. The constraints and operating criteria are different under various operation conditions. The novel hierarchy model for PSS in the pumped outage condition is proposed in this paper as shown in Fig.10 . It can be seen that the quantitative indexes, including the maximum of rotational speed, the maximum of water pressures at volute, the vacuum degree of draft tube, the minimum of water pressure at volute, water levels at surge tanks, pressure oscillations at volute and draft tube, oil velocity of the governor, are derived from pumped turbine, pipeline system and governor of RAECM. The deteriorative degree method is applied to evaluate them. The qualitative indexes such as the degree of difficulty in operation of each scheme, the hazard degree of rotational speed reversing are also critical to choose the final solution, which can be quantified with Delphi method [42] .
In the region one, the use of the 1-9 scale is central to the conventional AHP. The preferences between alternatives as being either equally, moderately, strongly, very strongly, or extremely preferred are translated into pairwise weights of one, three, five, seven, or nine, respectively, with two, four, six, eight as the intermediate values [41] . The 1-9 scale satisfies the reciprocal condition, which is the intensity of preference of C i over C k is inversely related to the intensity of preference of C k over C i . It can be expressed as follows:
here a is the scale value, C i is the index value of Fig.10 , P is the criteria.
Then the judgment matrixes B 1 ∼ B 3 for criteria layer and A for objective layer can be given in (25) , as shown at the bottom of the next page. The priority vector and eigenvalue of each judgment matrix B = (a ij ) n×n can be calculated as follows:
here a ij is the normalization of matrix element, W i is the matrix eigenvector at i-th row, W = [W 1 ; W 2 ; · · · ; W n ] is the priority vector of judgment matrix, λ max is the maximum of eigenvalue, n is the dimension of the matrix. In the region two, the fuzzy relation matrix is constructed with fuzzy comprehensive evaluation to quantify the dynamic indicators of PSS. In the region three, the comprehensive evaluation of each scheme from Pareto set can be calculated by region one and region two. The detailed process of decision making is represented as follows:
Step 1: Decomposition. The factor domain of evaluation object is determined.
Step 2: Construct the hierarchy model as shown in Fig.10 .
Step 3: Perform analytic hierarchy process in region one.
Step 3.1: Pairwise comparison with 1-9 scale method.
Step 3.2: Construct the judgment matrixes B 1 ∼ B 3 for criteria layer and A for objective layer with (25) .
Step 3.3: Calculate the initial weight and the max eigenvalue of each judgment matrix using (26) Step 3.4: Consistency checking. The consistency ratio CR can be solved by (27) .
here CI is the consistency parameter, RI is a constant that varies with the order of the matrix [43] .
Step 3.5: If CI < 0.1, execute next step; otherwise, go to Step 3.1.
Step 3.6: Collect the priority vector W B1 .W B2 , W B3 for criteria layer and W A for objective layer.
Step 4: Fuzzy comprehensive evaluation in region two.
Step 4.1: The universe of evaluation grade is established as = {Good, General, Poor, Serious} to describe the severity of indexes, and corresponding fraction set V = [100, 80, 60, 40].
Step 4.2: The deteriorative degree C i is introduced to evaluate quantitative indexes. The deteriorative degree of the indexes i.e. C 1 , C 3 , C 5 -C 9 , C 11 , C 13 can be calculated with (28) , while the deteriorative degree of the indexes C 4 , C 10 , C 12 can be calculated with (29) .
here C i is the i-th index in Fig.10 , C 0 is the normal operating value for this index, C min and C max are extreme values from design criteria.
Step 4.3: The Delphi method is applied to quantify qualitative indicators C 2 and C 14 [42] . The relative weights of those indexes can be obtained by consulting ten operators from different PSPs twice.
Step 4.4: The novel semi-mountain shaped function combining triangular function, as shown in (30)- (33) , is proposed to solve the fuzzy membership U i in index layer, U i = [u 1 , u 2 , u 3 , u 4 ]i = 1, 2, · · · , 14.
Step 4.5: Construct fuzzy relation matrixes R B1 ∼ R B3 in criteria layer. Step 5.3: Comprehensive evaluation value of each scheme S = F A * V.
V. CASE STUDY
In order to formulate the optimal operation strategy, the coordinated multi-objective optimization is applied in the pumped outage condition of a high water head PSP, located in Jiangxi Province, China. The water levels of upper and lower reservoirs are respectively 716 m and 184.11 m, the initial discharge is −51.1 m 3 /s, the relative value of torque is 0.9653, at the pumped outage conditions. The solving flow chart is given in Fig.11 .
A. EFFECTIVE VALIDATION OF THREE TRADE-OFFS IN PUMPED OUTAGE CONDITION
The Pareto front and corresponding evaluation results are shown in Table 2 and Fig.12 . As shown in Fig.12(a) , the non-dominant solutions can effectively coordinate the objectives of rotational speed and water hammer pressure. It provides decision support for selecting the best compatible scheme in the Pareto optimal solutions set according to different field conditions. The evaluation results of thirty schemes are illustrated in Fig.12(b) , the right half evaluated higher than the left half, this is because water hammer pressure and pressure oscillation of each characteristic node in pipeline system have received more attention in the FAHP. Qualitative and quantitative dynamic indicators from different components of PSS are carefully considered in the FAHP, it makes decision making more comprehensive and scientific. The best compatible solution by FAHP is more likely to be adopted by operator in PSP.
Three representative schemes are selected in Fig.12(b) and Table 2 to verify the effectiveness of the proposed framework in pumped outage condition, which are scheme A: minimum rotational speed scheme and the corresponding evaluation is 75.86; scheme B: minimum water pressure scenario and the evaluation is 83.73; scheme C: the best compatible scheme via FAHP and the evaluation is 87.17. The transient process of PSS in three schemes can be found in Fig.13 , for scheme A, the rotational speed reversal does not occur, however the water hammer pressures of volute and draft tube are very severe. This is caused by the rapid closing of GV. The large pressure oscillations also happen in volute and draft tube after the GV is fully closed, which is due to the second closing time is too short. For scheme B, the water hammer pressures and osci1lations are most satisfying, while the reversal rotational speed reaches 94.3%. It will be an alternative scheme if the reverse rotational speed is not concerned. The scheme C shows better comprehensive dynamic performance than scheme A and B. The water pressures are slightly inferior to them in scheme B, but the maximum reversing speed can be effectively limited to 32.29%.
The conventional method is to choose the middle solution in Pareto set as the final solution, i.e scheme 15 in Table 2 , which can be defined as scheme D in Fig.12(b) . Compared with scheme D, scheme C received a higher score. The FAHP not only considers the objective functions, but also makes an overall evaluation on the performance of PSS and the operation difficulty of each scheme, which are the main reasons for the difference between the FAHP and the conventional method.
The best compatible solution i.e. scheme C is implemented in the pumped outage condition and the field test data of existing scheme in PSS recommended by the manufacturer is compared with numerical results in the same condition to check the reliability of the FAHP method. As shown in Fig.14, the maximum water pressure of volute can be reduced by 4.55%, the minimum draft tube pressure can be improved by 6.94%, and the maximum draft tube pressure can be reduced by 1.93%. It is worth noting that the maximum reversing speed decreased from 545 rpm to 161.45 rpm. Compared to the existing scheme in PSS, the best compatible scheme by the coordinated multi-objective optimization not only can improve the dynamic quality of water hammer pressure, but also can effectively suppress the phenomenon of rotation speed inversion. As shown in Fig.15 , the running track of the transient process with the scheme C does not cross the runaway speed curve while the running track of the on-site scheme enter the S-shaped region twice and again, which is the main reason for the improvement of the transient process. Therefore it can make the PSS safer and more stable in the pumped outage condition. 
B. SENSITIVITY ANALYSIS OF THE BEST COMPATIBLE SCHEME
In the real PSP, the variable water heads of upper or lower reservoir, the GV action accuracy will change the dynamic response of the transient process in pumped outage condition. Therefore the best compatible scheme should be robust enough to deal with adverse operating conditions such as the variation in running parameters of PSS and the imprecise operation in practice.
The ±5m change of water head, the ±1 • variation of GV opening at inflection point, and the ±0.2s change of the second closing time are conducted to analyze the sensitivity of the best compatible scheme under pumped outage condition. Due to space limitation, only the dynamic responses of water pressure at draft tube are depicted in Fig.16 . The change in the water head of upper reservoir can cause the change of maximum water hammer pressure in Fig.16(a) . The variation of GV opening at inflection point can lead to the change of pressure oscillation in Fig.16(b) . The change of closing time can make the phase of the waveform change as show in Fig.16(c) . It can be seen that the dynamic responses have the same trend, the variation of maximum water hammer pressure is less than 1.2 m, and the change of pressure oscillation is within 0.73 m. They adequately meet the design criteria and operational requirements. It demonstrated that the best compatible scheme via multiple trade-offs is capable of tolerating these changes in actual PSPs under pumped outage condition, which is more likely to be adopted by operator.
VI. DISCUSSION
The speed reversal phenomenon has appeared during the commissioning of Hongping pumped storage power station in pumped outage conditions. The maximum reversal speed can up to 545 rpm. It has always threatened the safe and stable operation of Hongping PSP under this condition. In order to alleviate this phenomenon, two approaches can be applied: 1) to optimize the design of pump-turbine runner; 2) to optimize the operation scheme. Undoubtedly, seeking the best compatible scheme via multiple trade-offs of the coordinated multi-objective optimization is the most economical and effective measure to restrain rotational speed inversion.
It needs to be clarified again that the methodology of this paper is based on the coordinated optimization framework. The optimal operation of load rejection has been studied in [11] . However the pumped outage condition is a special and key operation condition of PSS, it is completely opposite to the load rejection. The transient process is more complicated than that of other conditions. Three differences should be highlighted: 1) In stage 1, the running track of the pumped outage condition spans the pump area, pump brake zone, turbine area and turbine brake zone as shown in Fig.15 , The stability of PSS model is more important than other conditions. Therefore, the stability analysis of the solution algorithm is studied in time discretization. Comparative experiments with on-site measurements are also constructed in pumped outage condition to verify the reliability of the PSS model. 2) In stage 2, the objective functions are set up differently because of the transient process design requirement, the multiple constraints derived from various modules of PSS and design criteria are also should reset. 3) In stage 3, the hierarchy model is novel. Qualitative indicator of reverse rotational speed needs to be assessed. The proportion of pressure oscillation indexes and rotational speed index should be increased.
The best compatible operating strategy has been recommended to the operators. Based on the research results of this paper, quick-closing valve, which can set inflection point and closing time according to the proposed scheme, has been used in Hongping PSP. After those improvements, it can effectively alleviate the problem of reverse rotational speed and improve the water hammer pressures in pumped outage condition. Especially, the reversing speed can be reduced from 101% to 32.29%. It indicates that the coordinated multi-objective optimization can be directly applied to engineering and improve the dynamic performance of PSS. In the design of the PSP, the optimized operation strategy can effectively improve the safety margin and reduce the construction cost; in the operation of PSP, this method is beneficial to reduce the cost of maintenance. Meanwhile, as a novel technical means, it can also be extended to other PSPs.
VII. CONCLUSION
This paper systematically expounds the process of making optimal operating policies for PSS. The best compatible operating strategy is specified by the coordinated multi-objective optimization under pumped outage condition. It decomposes operational optimization into three coordinated stages: nonlinear modeling, optimization strategy and decision making. Three innovative trade-offs are reflected in the optimization process, which are trade-off between accuracy and efficiency in the nonlinear modeling, trade-off between convergence and diversity in the strategy optimization, and trade-off in conflicting objectives of the decision making. Compared with the on-site operation in pumped outage condition, the maximum reversing speed decreased from 545 rpm to 161.45 rpm, the maximum water pressure of volute can be reduced by 4.55%, and the minimum draft tube pressure can be improved by 6.94%, via the compatible scheme. It indicates that those trade-offs can effectively improve the dynamic response quality of transient process. The robustness of the best compatible scheme is verified by sensitivity analysis, which demonstrates that it deserves to be adopted by operator in the complex and changeable field conditions. This paper provides a novel technical means for improving the dynamic performance of PSS under pumped outage conditions, which may also be extended to other operating conditions of different PSPs.
Because of the good extensibility, the data-driven methods for nonlinear modeling, the novel and practical optimization algorithm and decision-making techniques can be integrated into the multi-objective optimization to improve the coordination of multiple trade-offs, it will be the work of the future.
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